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2013.04.0Abstract Statistical evaluation becomes increasingly important in forensic proﬁling as there is no
single statistical method available to cater to all types of data. In this preliminary study, 20 heroin
samples were used as linked samples and non-linked samples to evaluate a recently developed clas-
siﬁcation method called Chan’s tetrahedron model. Four commonly found impurity peaks were
chosen for use to assess the Karweng dissimilarity index derived from this model. Throughout
the study, the performance of three basic conﬁgurations and the associated dissimilarity indices
obtained from the tetrahedron method were compared with that of the established statistical tech-
niques. The obtained tetrahedrons illustrated comparable graphical outcomes with the score plot
and dendrogram respectively obtained from principal component analysis (PCA) and hierarchical
cluster analysis (HCA). Histograms were constructed and the Karweng dissimilarity index displayed
signiﬁcantly better levels of errors (fewer false results) than modiﬁed Pearson and cosine. In addi-
tion, the index also proved to be able to show excellent discriminating power and the best area
under the receiver operating characteristic (ROC) curve. This study infers that this new classiﬁca-
tion method could be as useful as the conventional classiﬁcation techniques. However further eval-
uation using larger datasets is recommended.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Forensic Medicine Authority.1. Introduction
Forensic proﬁling has been given great emphasis by experts
from various branches of forensic science. In drug proﬁling,oo.com, chankw@kimia.gov.
nsic Medicine Authority.
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05chemometrics is of utmost importance as it is often used in
sample classiﬁcation through which similar or dissimilar pat-
terns can be quickly identiﬁed. To this end, principal compo-
nent analysis (PCA) and hierarchical cluster analysis (HCA)
remain the top techniques of choice for sample classiﬁca-
tion.1–12 Other techniques include K-means clustering
(KMC), artiﬁcial neural networks (ANN) and so on.12,13 To
ensure the chosen technique functions optimally well with
the target samples (perhaps the target data), statistical valida-
tion must be performed. This usually entails evaluation of the
efﬁciencies of pretreatment methods and distance measure-
ments.8,14–16 In this regard, the above-cited research utilized
linked samples and non-linked samples derived from seizuresorensic Medicine Authority.
68 K.-W. Chanof known historical backgrounds to perform the statistical val-
idation. Esseiva et al. demonstrated how a threshold value
could be derived from linked samples and non-linked samples
using chieﬂy chemical data from heroin seizures.15 On the
other hand, Chan et al. created simulated heroin links to ﬁnd
the best distance measurement for HCA.8
Among the aforementioned clustering techniques, Chan’s
tetrahedron method17 is the newest and simplest way for sam-
ple classiﬁcation. This method has not been fully explored. The
method uses the sum of area differences (or it is coined as the
Karweng dissimilarity index in this paper) to assess the degree
of dissimilarity between samples. The concept is analogous to
Euclidean distance whereby the resulting zero value depicts
perfect agreement while higher values will signify the extent
of disagreement between two samples. As was demonstrated,17
a tetrahedron can be constructed in multiple ways to give rise
to 12 possible patterns to a single sample depending on the
assignment of parameters/variables to the four arms. However,
Chan et al. has recognized that nine other conﬁgurations are
merely developed from three basic conﬁgurations (BCs).
Therefore, only the BCs are responsible for calculating dissim-
ilarity indices for comparison. In other words, four parameters
randomly assigned to a four-arm tetrahedron will only result
in three sets of dissimilarity matrices from the three BCs.
The authors, however, have not demonstrated ways to deter-
mine the type of parameter assignment that can give the most
promising clustering outcome.
This paper seeks to perform a small scale evaluation on
Chan’s tetrahedron method and the Karweng dissimilarity in-
dex using impurity data obtained from Malaysian heroin sam-
ples. In this study, four simulated links of heroin samples
(totaling to 20 samples) were used for this purpose. The
evaluation process involved the assessment of graphical signa-
ture, false results (false positives and false negatives), discrim-
inating power and the performance with the receiver operating
characteristic (ROC) curve. The results were also compared
with those obtained with the well-established statistical
techniques.2. Materials and method
2.1. Standards and solvents
Analytical reagent grade toluene and sulfuric acid were com-
mercially obtained from Fisher Scientiﬁc (Malaysia). n-Tetra-
contane (C40) was chosen for use as an internal standard (IS),
and this chemical was obtained from Supelco, Inc.
2.2. Gas chromatography-ﬂame ionization detector (GC-
FID)[18]
Chromatographic analysis was performed on an HP6890 N
GC-FID preinstalled with a J&W HP Ultra-2 (length 25 m,
i.d. 0.20 mm, ﬁlm thickness 0.11 mm) capillary column. Sepa-
ration was achieved by using a temperature program: from
145 C to 190 C for 0.4 min at 8 C/min, and to 320 C for
5–7 min at 6 C/min with the ﬂow rate maintained at
1.2 mL/cm. The injector temperature was set at 320 C with
a split ratio of 25:1. The FID detector was maintained at
330 C.2.3. Sample preparation
Based on the case background, four unrelated Malaysian her-
oin seizures marked A, B, C and D were chosen as the pioneer
batch for evaluation. They were treated as non-linked samples.
Five linked samples (original samples and laboratory cut sam-
ples) were prepared from each seizure. For the cut sample,
adulterants such as caffeine and sometimes together with par-
acetamol were added to dilute the impurities in the sample.
A weight equivalent to 15 mg heroin base was placed in a
glass centrifuge tube. Impurities were extracted by adding
5 mL 2N sulfuric acid and 5 mL toluene containing 0.6 lg/
mL IS. The mixture was shaken vigorously and then sonicated
for 10 min. Phase separation was accomplished by centrifuging
the mixture at 1800 rpm for 10 min. The upper organic phase
was transferred out and evaporated to dryness. The residues
were reconstituted in 100 lL toluene. A 3 lL injection of the
extract was made into the gas chromatograph in duplicate.
2.4. Data
According to the previous studies,12,18 12 impurities were fre-
quently extractable from Malaysian heroin. Table 1 dictates
the names of the 12 impurities determined from the locally
seized samples. As has been reported,18 peaks 1, 4, 5 and 7
were 100% present in all the case samples and hence these four
peak variables were chosen for evaluation of Chan’s tetrahe-
dron method. These peaks which were present in the 20 pre-
pared samples were processed in peak areas. Subsequently,
each peak was normalized to the sum of all the four peaks in
order to minimize analytical errors due to inconsistent split ra-
tios, evaporative losses, etc. Further pretreatment was not per-
formed as this study seeks to evaluate the maximum capability
that the target method could offer for sample classiﬁcation.
The four resulting normalized peaks (Table 2) were used for
further evaluation.3. Statistical analysis
Microsoft Excel was used for treating raw data derived from
the chromatograms. All general calculations were performed
using the same software before the data were handled by other
statistical software packages. The ‘radar’ feature available in
Excel was employed for construction of tetrahedrons. Clock-
wise assignment of peaks 1, 4, 5 and 7 for BC1, BC2 and BC3
followed the order of 1-4-5-7, 1-4-7-5 and 1-5-4-7, respectively.
PCA and HCA were performed with the aid of Minitab 15.
Computation of area differences between the tetrahedrons
was achieved by Excel. Correlation matrices of linked sam-
ples and non-linked samples calculated based on ﬁve estab-
lished distance measurements/indices such as Pearson
correlation, cosine, Euclidean distance, Chebychev and Min-
kowski were obtained with the aid of SPSS (version 18) while
the matrix for Karweng dissimilarity index was obtained with
Excel. To eliminate the negative value of the Pearson correla-
tion (r), it was re-computed using the following formula to ob-
tain a distance10:
Modified Pearson ¼ ð1 rÞ  100
2
ð1Þ
Table 1 Twelve frequently extractable impurities from
Malaysian heroin.
No. Name
1 Meconine
2 4-O-Acetylthebaol
3 Unknown-270
4 6-O,N-Diacetylnorcodeine
5 Unknown-254
6 4-Acetoxy-3,6-dimethoxy-5-[2-(N-methyl-
acetamido)]ethylphenanthrene
7 3-O,6-O,N-Triacetylnormorphine
8 N-Acetylnorlaudanosine
9 Unknown-151
10 N-Acetylnornarcotine
11 (E)-N-Acetylanhydronornarceine
12 (Z)-N-Acetylanhydronornarceine
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tab. ROC curves for all the distance measurements/indices
were analyzed with SPSS. All the processed data were also
used to estimate the discriminating power based on the follow-
ing formula16:
Estimation of the discrimination
¼ lðnon-linkedÞ  SDðnon-linkedÞ
lðlinkedÞ þ SDðlinkedÞ ð2Þ
where l is the mean value; SD is the standard deviation.
4. Results and discussion
4.1. Tetrahedrons of samples
The tetrahedron method offers a moderately complex signa-
ture for each sample. Fig. 1 shows 20 tetrahedrons for all theTable 2 Data of 20 prepared samples (peak area
Sample ID Meconine 6-O,N-
Diacetylnorcodeine
A1 0.02361 0.24250
A2 0.01867 0.25389
A3 0.01500 0.23904
A4 (C) 0.00773 0.22507
A5 (C + P) 0.05009 0.23066
B1 0.57780 0.10477
B2 (C) 0.66859 0.07914
B3 (C) 0.66567 0.08331
B4 (C + P) 0.61982 0.10771
B5 (C + P) 0.69900 0.08406
C1 0.36002 0.18720
C2 0.28075 0.15464
C3 0.39257 0.15794
C4 (C + P) 0.38506 0.16583
C5 (C + P) 0.47286 0.15304
D1 0.55050 0.13440
D2 0.61306 0.13009
D3 0.55918 0.12621
D4 (C) 0.54874 0.13587
D5 (C + P) 0.62801 0.12539
Note: The samples are withdrawn directly from the orig
C + P= caffeine and paracetamol.prepared samples represented by the four selected peaks in
three BCs. As expected, different assignment of parameters/
peaks to the four arms resulted in different patterns (hence dif-
ferent dissimilarity indices). Theoretically, linked samples
should display relatively closely matched patterns while un-
linked groups should illustrate generally unique patterns.
The three BCs apparently show that group A is graphically dif-
ferent from the others. Group B has a relatively closer pattern
with group D than with group C. Erroneous patterns are also
observed. For example, a sample of group D has a pattern
close to that of sample B. Overall, the three BCs do not show
a signiﬁcant graphical disagreement in the relative relation-
ships between the samples.
As suggested by PCA and HCA in Fig. 2, both score plot
and dendrogram suggest similar relationship patterns to that
of the tetrahedron method. Erroneous relationships are also
evidenced in these established methods. The dendrogram
explicitly depicts that a sample of group D is erroneously
grouped into cluster B. However, based on the overall graph-
ical representations, it is deduced that Chan’s tetrahedron
method is able to produce an outcome comparable with those
of the well-established statistical techniques.4.2. Histogram
The major advantage of Chan’s tetrahedron is that it offers the
Karweng dissimilarity index for comparison. By using such an
index, the degree of disagreement in the tetrahedral shapes of
two samples can be quickly assessed. A lower value signiﬁes
close agreement, while a higher value signiﬁes that there is a
discrepancy. By correlating linked samples with each other,
lower indices are desirable. Correlation between non-linked
samples should, however, result in larger indices. In both
events, shared indices (ambiguous values that are displayedper sum of all the four selected peak areas).
Unknown-254 3-O,6-O,N-
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Figure 1 Graphical representations of 20 samples clustered using Chan’s tetrahedron method in (a) BC1, (b) BC2 and (c) BC3.
70 K.-W. Chanby linked samples as well as non-linked samples; the values are
indicated by the overlap on two superimposed histograms
respectively representing linked samples and non-linked sam-ples) may be observed. The numerical range within which
the shared indices fall represents false results or classiﬁcation
errors.
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Figure 2 Sample classiﬁcation obtained from (a) PCA in covariance mode, total variabilities = 99.7% and (b) HCA with single linkage
and Euclidean distance.
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false positives and false negatives. Such false results usually fall
in the overlapping zone formed by the histograms of linked
samples and non-linked samples.16 Based on the histograms
in Fig. 3, the three BCs display different outcomes for false re-
sults. BC1 has a larger area of overlapping zone and hence lar-
ger errors as compared with BC2 and BC3. On the other hand,
modiﬁed Pearson and cosine show the worst results as the indi-
ces obtained from the linked samples are completely shared by
the non-linked samples. In comparison with the remaining
three measurements/indices, the three BCs show comparable
results with Euclidean distance, Chebychev and Minkowski.
This indicates that the Karweng dissimilarity index has equiv-alent efﬁciency to the three measurements/indices in discrimi-
nating between linked and non-linked samples. In particular,
BC2 and BC3 illustrate the smallest number of false positives
and false negatives among the eight graphs since they have
the smallest overlapping zones.4.3. Discriminating power and ROC curves
Graphical representations may be subjective. Numerical ﬁg-
ures instead could help decide which measurement/index is
the most powerful for sample classiﬁcation. Hence, discrimi-
nating power and the area under the ROC curve are useful
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Figure 3 Superimposed histograms of measurements/indices derived from linked samples and non-linked samples correlated according
to (a) Karweng dissimilarity index from BC1, (b) Karweng dissimilarity index from BC2, (c) Karweng dissimilarity index from BC3, (d)
modiﬁed Pearson correlation, (e) cosine, (f) Euclidean distance, (g) Chebychev and (h) Minkowski. Line with ‘ ’ represents linked
samples; line with ‘ ’ represents non-linked samples.
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Table 3 Discriminating power and ROC results for eight measurements/indices.
Measurement/index Discriminating power Area under the curve Standard errora Conﬁdence interval at 95%
Lower limit Upper limit
BC1 1.125 0.939 0.019 0.901 0.978
BC2 1.533 0.975 0.012 0.953 0.998
BC3 1.709 0.976 0.011 0.955 0.997
Modiﬁed Pearson 0.665 0.935 0.022 0.892 0.978
Cosine 0.403 0.963 0.013 0.938 0.989
Euclidean 1.704 0.969 0.011 0.948 0.991
Chebychev 1.661 0.960 0.013 0.935 0.985
Minkowski 1.704 0.969 0.011 0.948 0.991
a With non-parametric hypothesis.
Figure 4 ROC curves for seven measurements/indices (cosine is plotted separately as it shows reverse coding and hence a reverse curve).
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According to Lociciro et al., higher values for both the afore-
said parameters illustrate good capabilities in discriminating
the samples.16 In addition, a perfect technique will also present
a vertically ﬂipped ‘L’ on the ROC curve, indicating no false
results (1-Speciﬁcity equals to 0) and the highest sensitivity
(which equals to 1).
As only a limited number of samples were used in this
study, so the inferences drawn from the discriminating power
and ROC curves are indeed very preliminary and may be
meaningful to a small-sized population. Table 3 displays the
discriminating power of all the measurements/indices of inter-
est. To some extent, this initial study suggests that the Karw-
eng dissimilarity index of BC3 appears to be more promising
than all other measurements/indices. Modiﬁed Pearson and
cosine remain the weakest techniques in this study. With refer-
ence to Table 3 and Fig. 4, the area under the ROC curve
established from BC3 highlights that Chan’s tetrahedron using
BC3 shows the best classiﬁcation capability in this study. Mod-
iﬁed Pearson remains the least powerful technique. While thesample size is relatively small, the statistical signiﬁcance esti-
mated by the software may be less meaningful in this study;
more reliable results should be obtained by using a larger sam-
ple size. For example, the area under the ROC curve suggests a
better capability for cosine as compared with its discriminating
power. In this regard, further investigation using a larger sam-
ple size containing a minimum of 30 samples is required to
conﬁrm this result.5. Conclusion
Chan’s tetrahedron is simple to interpret and it gives direct vi-
sual comparison for sample classiﬁcation. Although limited
parameters are allowed in this model, it offers three sets of
Karweng dissimilarity indices with different discriminating
powers and classiﬁcation capabilities for assessing sample
relationships. In this study, the indices derived from BC3
showed the most excellent outcome with the four chosen
impurity peaks extracted from the Malaysian heroin samples.
74 K.-W. ChanStatistically, the analyst should validate the three BCs with the
target data before deciding on the preferred BC since each con-
fers a different degree of discriminating power.
Based on the preliminary study on the tetrahedron model
with a small sample size, it infers that the Karweng dissimilar-
ity index could be incorporated as one of the distance measure-
ments in the current software programs for classiﬁcation
studies. Certainly, the author also suggests evaluating this in-
dex using larger datasets of a different nature to conﬁrm the
capability of this model.
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